Acute hypertension induced by adrenergic agents opens up the blood-CSF barrier (choroid plexus) to nonelectrolyte and protein tracers. Sprague-Dawley adult rats anesthetized with ketamine were given an in travenous bolus of either epinephrine (10 f,Lg/kg), phen ylephrine (100 f,Lg/kg), isoproterenol (10 f,Lg/kg), or D,L amphetamine (2 mg/kg). Tr acers were injected simulta neously with test agents, and the animals killed 10 min later. Epinephrine raised MABP by 57 mm Hg, to a peak pressure of 160 mm Hg; and it increased the volume of distribution (Vd) of urea, mannitol, and 125I-bovine serum albumin in CSF by l.5-, 2.7-, and 30-fold, respectively.
Adrenergic agonists that raise blood pressure can open the blood-brain barrier (BBB) to large mole cules such as albumin and horseradish peroxidase and to smaller molecules like inulin and norepi nephrine (Johansson, 1980) . Metaraminol, epineph rine, amphetamine, norepinephrine, and phenyl ephrine increase BBB permeability, but if the agent induced rise in blood pressure is blocked, no change in tracer permeation is observed (Johansson, 1980) . A rise in intracarotid pressure concurrent with sys temic hypervolemia also opens the BBB (Nagy et aI., 1979) . Augmented penetration of isotopes with adrenergic agonists is related to the rate and extent of blood pressure rise and to the size of the cerebral vessel lumen; vasoconstriction generally decreases epinephrine, attributable to protective vasoconstnctlon associated with a-agonist activity. Ratio analysis of Vd data provides evidence that augmented permeation of nonelectrolyte tracers in acute hypertension occurs pre dominantly by diffusion rather than vesicular transport. It is postulated that elevated MABP distends the central cores of choroid plexus villi and cerebral capillaries, with resultant stretching and opening of tight junctions in both barrier systems; with less hindrance to diffusion, urea and mannitol are cleared at rates closer to free diffusion. Nei ther isoproterenol (decreased MABP by 40 mm Hg) nor amphetamine (did not alter MABP) significantly opened the choroid plexus or blood-brain barrier to tracers. Key Words: Acute hypertension-Blood-brain barrier-125I Bovine serum albumin-Choroid plexus-Nonelectro lyte tracers-Tight junctions. and vasodilatation increases BBB permeability. Ve sicular transport, widening of tight junctions, and rupture of tight junctions have been proposed as mechanisms for opening the BBB.
Apparently, no studies have analyzed the con centration of tracers in choroid plexus, i.e., the blood-CSF barrier, after adrenergic-induced changes in blood pressure; moreover, few such studies have analyzed CSF. Consequently, this in vestigation has included lateral and fourth ventricle plexuses and CSF as well as brain tissues. Choroid plexus is the major route (Smith, 1985; Spector and Eells, 1984) by which many hydrophilic solutes enter the CNS. Choroid plexus capillaries are fen estrated, allowing entrance of most molecules into interstitial fluid (ISF). Epithelium bound by tight junctions is the diffusion barrier in choroid plexus,
The purpose of this study was to analyze short term uptake of two relatively small nonelectrolytes by various regions of the CNS of rats rendered hy potensive or hypertensive by intravenous adren-ergic agonists. Radioisotopic urea and mannitol were selected as tracers because they (a) approxi mate the size of small hydrophilic drugs, (b) are not protein bound or metabolized, and (c) are not trans ported actively or by facilitated diffusion. Mannitol (mol wt 180), a sugar alcohol with relatively low permeativity in brain, has been used as an extra cellular marker in peripheral tissues and choroid plexus (Johanson, 1980; Smith et a\., 1981) . Urea (mol wt 60), also nonionized, rapidly enters cells in the periphery but enters eNS slowly (t'/2 = 1-2 h) (Johanson and Woodbury, 1978) . Since these tracer molecules penetrate eNS at widely different rates under control conditions (Parandoosh and Jo hanson, 1982; Smith et aI., 1982) , we considered it useful to analyze the effects of sympathomimetic agents on the relative and absolute volumes of distribution (Vd) of these compounds in hypo-, normo-, and hypertensive animals, to explore fur ther the mechanisms of permeability disruption of eNS barrier systems.
METHODS

Animals, surgery, and anesthesia
Adult male Sprague-Dawley Holtzman rats (160-220 g) were anesthetized with ketamine (l00 mg/kg i.p.) and bilaterally nephrectomized to ensure steady-state levels of isotopes in plasma throughout the experiment. Ne phrectomy also precludes potentially complicating effects of renal factors (e.g., renin) releasable into circulation in response to sympathomimetic agent injection. Immedi ately after nephrectomy, a catheter was placed in the ab dominal aorta to measure mean blood pressure, and the inferior vena cava was exposed for radioisotope injection. Blood pressure was measured with a pressure transducer on line with the arterial catheter filled with heparinized saline. In a preliminary experiment, ketamine was com pared with pentobarbital (30 mg/kg) and ether in respect to anesthetic effects on penetration of [14C]urea and [3H]mannitol into various CNS regions; no significant dif ferences were found among the three anesthetics in the 10-min Vd of tracer nonelectrolytes. Ketamine was uti lized because it provided (a) anesthesia for CSF sampling, (b) stability of baseline arterial blood pressure and PeDe, and (c) dissociative anesthesia, i.e., producing a more conscious-like state than most other anesthetics.
Experimental protocol
Two types of experiments were carried out: (a) those to quantify various parameters associated with the cho roid plexus system that affect tracer distribution, e.g., residual blood (expt. i), ISF volume (expt. ii), and CSF secretion (expt. iii); and (b) those to assess the effects of sympathomimetic agents on blood-CSF and BBB per meability (expts. iv-ix). In the hypo-, normo-, and hy pertensive experiments, the sympathomimetic agent was injected into the inferior vena cava concurrently with [14C]urea (0.1 !-lCi/g) and [3H]mannitol (0.2 !-lCi/g), or with 1 2 5I-bovine serum albumin (RIBSA). Except where noted, the experiment was allowed to run for 10 min post injec tion of radioisotope(s). Experiments were done at the same time, i.e., 10 a.m. to 4 p.m.; such scheduling is a significant factor since there are diurnal variations in the BBB response to acute hypertension (Johansson and Martinsson, 1980) .
At least three to four animals were utilized in each of the nine experiments (expts. i-ix), the respective aims of which were: (i) to quantitate the volume of residual blood in choroid plexus and extent of blood washout by per fusion [The IO-min Vd of 51Cr-tagged erythrocytes (Jo hanson et aI., 1974h) was analyzed in four perfused and four nonperfused animals.]; (ii) to estimate the volume of ISF in choroid plexus by measuring the 30-min Vd of the extracellular markers [14C]dextran (mol wt 70,000) and [3H]mannitol in tissues, the blood of which was displaced by saline at experiment's end; (iii) to determine the ef fects of the maximal reduction in CSF formation (40-50%) on nonelectrolyte distribution in the choroid plexus-CSF system [The IO-min Vd of [14Cjurea and [lH] mannitol was analyzed in animals treated with acet azolamide (25 mg/kg i.p., 1 h before tracer injection).]; (iv) to determine the effects of acute hypertension (epi nephrine 10 !-lg/kg i. v. injection) on the barrier penetra tion of a protein tracer (RIBSA); (v) to evaluate the ef fects on barrier permeability to [14Cjurea and [lH]mannitol of acute hypertension induced by the mixed adrenergic agonist (epinephrine 10 !-lg/kg i.v.) (n = 6) or FIG. 1. Cross-sectional diagram of structural elements of the blood-CSF barrier (i.e., choroid plexus) (top) and blood brain barrier (i.e., cerebral capillary) (bottom). Note the in terstitial fluid (ISF) compartments (darkened areas outside of capillary lumen.) Choroid plexus ISF separates capillaries from the basolateral membrane-tight junction complex, which constitutes the blood-CSF barrier. Choroid plexus diagram is adapted from Dohrmann, Brain Res 18; 1970:197. ISF volume is �5 and 15% of choroid plexus and brain weight, respectively. Drawn approximately to scale. N, neuron. Arrows point to tight junctions. Astrocyte foot pro cesses are knob-like structures abutting on cerebral capillary wall.
by a pure a-agonist (phenylephrine 100 fLg/kg i. v.) (n = 6); (vi) to ascertain the effects on nonelectrolyte distri bution of a j3-adrenergic agonist that lowers blood pres sure (isoproterenol 10 fLg/kg i. v.); (vii) to determine if a sympathomimetic agent, under normotensive and nor mocapnic conditions, alters barrier permeability to [l4C]urea and [3H]mannitol [D,L-Amphetamine sulfate (2 mg/kg i.v.) was utilized since previously (V. A. Murphy and C. E. Johanson, unpublished observation) it was found that it did not cause a significant, sustained change in MABP in rats under ketamine anesthesia. Previous dose-response analysis indicated that 2.5 mg/kg maxi mally opened rat BBB to RIBSA (Domer et aI., 1980) .]; (viii) to assess whether a j3-receptor blocker (D,L-Pro pranolol 3-20 mg/kg i.p.), with or without epinephrine induced hypertension, alters CNS barrier permeability to [14C]urea and [3Hlmannitol; and (ix) to determine the ef fects of the disulfonic stilbene (SITS) (25 mg/kg i.p., I h pretreatment) on nonelectrolyte penetration in animals rendered hypertensive with epinephrine.
Tissue sampling and analyses
At the termination of each experiment, a sample was taken from the aorta and centrifuged to obtain plasma. Prior to exsanguination, a 50-to 100-fLl sample of CSF was taken from the cisterna magna with a tapered capil lary tube. A Cole-Parmer infusion pump displaced re sidual blood in brain with heparinized saline perfused via the left cardiac ventricle for I min. Immediately there after, tissues were sampled in the following sequence: lateral and fourth ventricle choroid plexuses, cerebral cortex from parietal lobe, cerebellum, medulla, and thal amus. Choroid plexus H10 content was determined by an electrobalance weighing technique (Johanson et aI., 1976) . All tissues except choroid plexuses were placed in tared vials and digested overnight at 5SOC in I ml piper idine (1 M), then mixed with 10 ml of Biofluor scintillation cocktail and counted with a dual-label 3H/14C program (H number external standard) in a Beckman LS 7500. The choroid plexuses were placed on I-mg tared A I foils, dried overnight to constant weight, then digested in I M piperidine at 20-22°C for 24 h prior to addition of Bio fluor. SICr and 1 2 51 in undigested samples were assayed by gamma-counting. Appropriate background counts were determined for all isotopes. An IL 213 was used to analyze blood Peo 2 and pH at 37°C.
Calculations and statistical analyses
Uptake of tracers by CNS regions is expressed as per centage Vd: 100 x (dpm/mg tissue) -:-[dpm/mg (fLI) plasma H 2 0]. Vd values can be converted to perme ability-surface area product (PA) by PA = (Vd/ IO min) x a plasma concentration integration factor of 0.8 for man nitol and 0.68 for urea. Data were statistically compared by Student's t test (two tailed), or by one-way analysis of variance followed by Bonferroni t statistics.
Materials
Biofluor and all radioisotopes were obtained from the New England Nuclear Co.: [14C]urea (167 mCi/g),
[3H]mannitol (92 Ci/g), [14C]dextran (l mCi/g), SICr (200 mCi/g), and RIBSA (2.5 mCi/mg). Radionuclidic purity was 97-99% for all isotopes. Ketaject (ketamine HCI, 100 mg/ml) was supplied by Bristol Laboratories. Acetazol amide and the HCI salts of phenylephrine and epinephrine were obtained from the Sigma Co. Isoproterenol and am phetamine were from Sigma and National Institute on Drug Abuse (National Institutes of Health), respectively.
RESULTS
Compartmentation analyses of choroid plexus
Since 15-20% of choroid plexus weight in adults is due to blood content (Johanson et al. , 1974b; Pershing and Johanson, 1982) , it is essential in (Table 1) . Postperfusion H 2 0 content of cho roid plexus (80.3%), cortex (80.2%), cerebellum (78.8%), and medulla (73.0%) did not significantly differ from corresponding non-washed-out tissue values. Although choroid plexus vascularity is 10fold greater than that of brain (Table 1) , there is comparable extensive displacement (�97%) of blood from the two types of tissues. Thus, tracer Vd data for both choroid plexus and brain (Tables 2, 3, and 5; Figs. 2, 4, and 5) represent primarily parenchymal uptake; i.e., the error associated with blood contamination is � 3%. Extremely low 51 Cr activity in CSF attests to the purity of the CSF sam ples (i.e., lack of blood contamination) and to the negligible levels of unbound 51 Cr in the blood.
Since choroid plexus capillaries are leaky, the ISF compartment of choroid plexus (unlike brain) is unprotected by a "barrier" (Fig. 1 ). Interpreta tion of choroid plexus uptake of tracers depends upon knowledge of ISF compartment size. The 30min steady-state Vd values of [ 3 H]mannitol (mol wt 180) and [ 14 C]dextran (mol wt 70,000) in choroid plexus tissues (blood removed) are estimates of ISF volume (Table 2) . Mannitol penetration of choroid plexus epithelial cells is negligible (Smith et aI., 1981) . Extracellular markers distribute into plasma plus interstitial compartments of choroid plexus in 10-15 min (Smith et aI., 1982) . The 30-min Vd data in Table 2 , together with consideration of IO-min Vd data for RIBSA and [ 3 H]mannitol ( Fig. 2 ; Table 3 ), indicate that the choroid plexus ISF volume is close to 5% of tissue weight (range 2-8%). If macromo lecular dextran did not gain access to smaller niches in the interstitium, it would underestimate ISF volume. [ 14 C]Dextran penetration of BBB is negli gible, since the Vd of 14 C in brain is slightly above that of 5 1 Cr (Table 1) in perfused tissue. The Vd of dextran in choroid plexus is 10-100 times greater than in brain regions, indicating leakiness of cho roid plexus capillaries.
Effect of CSF secretion on tracer distribution
Since sympathomimetic agents like norepineph rine can reduce CSF flow by 40% (Lindvall et aI., 1978) , it was pertinent to assess the effects of CSF flow reduction (in animals not injected with adren ergic agents) on tracer penetration into the choroid plexus-CSF system. Acetazolamide, which maxi mally inhibits rat CSF formation rate by 40-S0% (Smith and Johanson, 1980) , did not alter the Vd of either radiolabeled urea or mannitol in either CSF or brain. However, it did significantly elevate the Vd of [ 14 C]urea in the lateral and fourth ventricle choroid plexuses (Table 3) .
Effects of sympathomimetic agents and other drugs on blood parameters
Pooled control values for arterial Pco 2 and pH were 3S.S ± 0.8 mm Hg and 7.38 ± 0.01, respec tively (Table 4 ). Pretreatment with acetazolamide significantly (p < 0.01) elevated Pco 2 (by 17 mm Hg) and reduced pH (by 0.14 pH unit). Epinephrine (10 f,Lg/kg i.v.) caused an average arterial pressure peak change of +S7.0 ± 3.0 (SEM) mm Hg (Fig.  3) ; times to onset and offset, respectively, were �S and 4S-90 s. Intravenous phenylephrine (100 f,Lg/ kg) induced a similar magnitude of peak response (Fig. 3) , and the elevation in pressure was sustained for 120-180 s. Rate of blood pressure rise after phenylephrine was 22 mm Hg/s, not significantly different from that after epinephrine; however, pulse width varied (Table 4) . Isoproterenol (10 f,Lg/ kg i.v.) caused a precipitous decrease in MABP from a control of 100 to 62.3 ± 4.2 mm Hg (p < O.OS). Animals treated with amphetamine (2 mg/kg i.v.) had a mean blood pressure of 102 ± 4 mm Hg compared with an average control value of 97 ± 3 mm Hg (p > O.OS). Drug pretreatment in expts. viii and ix did not interfere with the ability of epi nephrine to raise MABP substantially; e.g., SITS treatment with and without epinephrine resulted in MABP of 161 ± 4 and 9S ± 3 mm Hg, respectively.
Effects of sympathomimetic agents on barrier permeability
Expt. iv. Epinephrine caused a 30-fold increase in the lO-min Vd of RIBSA in CSF (p < O.OS), but only a slight augmentation in choroid plexus tissues (Fig. 2) . All brain regions analyzed showed a sig nificant two-to fourfold elevation in RIBSA Vd• The smallest change in RIBSA uptake was in medulla.
Expt. v. Ten minutes after epinephrine adminis tration, there was significantly enhanced uptake by choroid plexuses, CSF, and the four brain regions of both [ 3 H]mannitol ( Fig. 4) and [ 14 C]urea (Fig. S) . Again, the smallest change in uptake was observed in medulla. Phenylephrine also caused significant increases in the Vd of both mannitol and urea in all regions. In all cases, though, alteration in tracer Vd induced by phenylephrine was less than the corre sponding change by epinephrine ( Figs. 4 and S) ,
Expts. vi and vii. Neither isoproterenol nor amphetamine significantly altered the Vd of [ 3 H]_ mannitol or [ 14 C]urea in either choroid plexus, CSF, or brain. In spite of the lack of effects of amphet amine on both blood pressure and tracer distribu tion, the behavioral response of animals after drug injection was consistent with well-recognized toxic effects on CNS function. Similarly, in other exper iments (Y. A. Murphy and C. E. Johanson, unpub lished observation), amphetamine did not signifi cantly alter MABP or nonelectrolyte permeation with different anesthetics (ether, pentobarbital, or 21.6 ± 0.8 19.9 ± 1 . 3 20. 1 ± 1.0 1 8.9 ± 0.6
Values are means ± SEM for n = 4-5 animals. Blood pressure was measured and samples collected from abdominal aorta. Peak pressures after drug are given in Fig. 3 . Experimental protocol information is given in Methods for expt. v, and in Figs. 4 and 5. Before, control values; after, values obtained 30-60 s after peak rise in MABP (except for rate of rise data obtained immediately fo llowing pressor agent administration). Saline vehicle bolus (0.2 m!) did not alter MABP. a p < 0.05, before vs. after, by Student's t test. /> p < 0.01, before vs. after, by Student's t test. e p < 0.05, epinephrine vs. phenylephrine , by one-way analysis of variance and Bonferroni t statistic. halothane), with higher doses of drug (up to 10 mg/ kg), or in another Sprague-Dawley strain (Si monsen).
Expt. viii. Propranolol (3 mg/kg) in rats not in jected with pressor agents did not alter the penetra tion of tracer urea or mannitol into various CNS regions. Similarly, propranolol does not alter RIBSA penetration into rat brain (Sankar et al., 1981) . Propranolol pretreatment (20 mg/kg) in ani mals rendered hypertensive (145 mm Hg) by epi nephrine caused an attenuation of hypertension enhanced uptake of [ 3 H]mannitol by CSF, cortex, cerebellum, and thalamus. For example, the CSF 10- min Vd was 2.3, 7.1, and 3.0%, respectively, in the control, epinephrine, and propranolol/epinephrine groups. A smaller dose of propranolol (5 mg/kg) was only marginally effective in blunting epinephrine induced enhanced uptake of nonelectrolyte tracers. Expt. ix. SITS pretreatment did not alter the Vd values of mannitol or urea in various CNS regions of normotensive or hypertensive animals.
DISCUSSION
CSF
Previous CNS barrier studies with the acute hy pertension model have focused on brain tissue rather than CSF (Johansson, 1980) . This investiga tion indicates that the blood-CSF barrier, as well as the BBB, is disrupted consequent to sudden eleva tion in MABP. This is of theoretical and practical interest, owing to differences in barrier structure and function.
Analysis of isotope penetration into CSF is com plicated by possible drug effects on fluid formation by the choroid plexus; although fluid may also be elaborated by cerebral capillaries, the magnitude of fluid production at the BBB is small compared with that at choroid plexus (Bradbury, 1984) . Sympatho mimetic agents, which substantially enhanced the 10-min V d of radiolabeled urea, mannitol, and RIBSA in CSF, can alter the CSF formation rate by ± 30 to 50% (Lindvall et al., 1978; Hayward and Vogh, 1979) . To evaluate CSF dynamics as a vari able affecting tracer distribution, we analyzed the effects of acetazolamide (which reduces CSF flow maximally, i.e., by 40-50%). Acetazolamide did not alter the 10-min Vd of either [ 1 4 C]urea or [ 3 H]_ mannitol (Table 3) ; similarly, even the 60-min Vd of [ 1 4 C]urea is not altered by this enzyme inhibitor (Jo hanson, 1984) . Even if CSF flow alteration did occur in experiments, it seems safe to conclude that augmented Vd values for CSF (Figs. 2, 4 , and 5) are not attributable simply to flow-related modification of molecular sieving at the blood-CSF barrier (Jo hanson and Woodbury, 1978) .
Marked increases of tracer Vd in CSF only 10 min after administration of epinephrine or phenyleph rine are especially noteworthy in view of the large cavity nature of the CSF compartment. CSF re quires � 3 -4 h to be completely displaced by fluid renewal. Yet, in our brief experiment, there was a 30-fold increase in the RIBSA Vd during epineph rine-induced hypertension. Moreover, the Vd of mannitol and urea increased by 150 and 40%, re spectively. Such large increments indicate substan tial enhancement of solute penetration across the blood-CSF barrier in acutely hypertensive animals.
The brevity of the experiments (10 min) ensures that the CSF uptake of tracers is primarily via the blood-CSF barrier, with negligible activity dif fusing into CSF from brain tissue (including circum-ventricular organs ascribed to the blood-CSF bar rier) surrounding the ventricles and subarachnoid space (Smith, 1985) . For at least 20 min following intraperitoneal or intravenous injection of various tracers, the CSF uptake curve resolves into a single component, which represents flux across the cho roid plexus. Evidence and considerations relating to ontogenetic, pharmacological, and geometrical factors support the conclusion that the fast-com ponent CSF uptake (0-20 min) of tracers occurs mainly across the choroid plexus epithelial mem brane (Levin and Patlak, 1972; Smith et aI., 1982) .
Choroid plexus
A fundamental difference between the blood-CSF and blood-brain barriers is that the former has an ISF compartment between the plasma and paren chymal elements (Fig. I) . The choroid plexus ISF volume, estimated by the Vd of mannitol in perfused tissues, is �5% of tissue weight (Tables 2 and 3 ). An ISF volume of 5% in nonperfused rat choroid plexus can be estimated by the difference between total extracellular fluid volume, i.e., 15-20% (Smith et aI., 1981) , and residual plasma volume, i.e., 10-15% (S. A. Burton, V. A. Murphy, and C. E. Johanson. unpublished observation). In acutely hypertensive animals (160 mm Hg), there was a significant increase of 20-25% in the Vd of mannitol in choroid plexus (Fig. 4) ; similarly, the Vd of RIBSA tended to increase. Also, acute hypertension elevated the urea Vd (Fig. 5) ; since urea penetrates cells, this greater Vd represents en hanced distribution in cells and ISF. Cell urea con centration is estimated as the difference between the urea Vd and mannitol Vd (Parandoosh and Jo hanson, 1982) . The epinephrine-induced increase in [1 4 C]urea concentration in choroid plexus epithe lium is similar to that after acetazolamide, the latter due to reduced sieving of tracer in the basolateral membrane consequent to CSF flow inhibition (Jo hanson, 1984) . Nevertheless, the generalized in crease in the Vd of tracers in plexuses of hyperten sive animals suggests greater filtration of fluid across choroidal capillaries.
It is postulated that elevated intravascular pres sure expands the fluid volume in the central core (vascular lumen plus ISF) of the choroid plexus villus (Fig. 1) . Consequently, epithelial cells on the villus periphery are distended, thereby rendering paracellular pathways (including tight junctions) more permeable to solutes diffusing from ISF to CSF. This is analogous to hypertension-induced va sodilatation of cerebral capillaries, which stretches endothelia and makes tight junctions leaky (Rapo port, 1976) . Tight junctions in other tissues are structurally changed and made more permeable by hydrostatic pressure stresses and cell deformation (Linzell and Peaker, 1973; Pitelka et aI., 1973) . In spite of the comparable rate and extent of rises in MABP in epinephrine-and phenylephrine-treated animals, the latter displayed a smaller response in enhancement of tracer penetration into the choroid plexus ISF -CSF system (Figs. 4 and 5) . The blunted response in phenylephrine treatment is con sistent with a protective, vasoconstricting effect of agonist stimulation of a-receptors in choroid plexus (Lindvall et aI., 1978) . The fourth ventricle choroid plexus generally had greater uptake of tracers than the lateral ventricle ( Figs. 4 and 5 ).
Brain regions
Administration of pressor catecholamines, either by bolus or intravenous infusion, increases the leakage of serum albumin across capillaries in var ious regions of the brain in several species. More over, this enhanced permeability effect occurs in conscious animals (Johansson and Martinsson, 1979) and in those anesthetized with chloralose! urethane (Heistad and Marcus, 1979) , pentobarbital (Sankar et aI., 1982) , N20 (Johansson, 1978) , halo thane (Forster et aI., 1977) , and ketamine (Fig. 2) . Vol. 5, No.3, 1985 Clearly, anesthesia modifies the basic response of the cerebrovasculature to enhanced intraluminal pressure (Johansson, 1978) , but it is not the sole or even primary factor.
Particularly in sympathomimetic studies, there has been emphasis on the crucial role of hydrostatic pressure in enhancing tracer permeation into the CNS. The degree of BBB dysfunction has been in timately linked to the rate of rise, and peak, of blood pressure (Domer et aI., 1980; Johansson, 1980) . Increased penetration of tracers from blood to brain occurs whether blood pressure is elevated by pressor agents or by intravascular infusion of saline or blood (Rapoport, 1976; Hardebo, 1980) . However, recent studies by Domer and colleagues, utilizing autonomic blocking agents as well as non adrenergic amines, provided evidence for substan tial dissociation between alterations in BBB per meability and MABP (Sankar et aI., 1981; Domer et aI., 1983) .
Autonomic modulation of cerebrovascular tone affects the degree of opening of the BBB in hyper tensive animals (Bill and Linder, 1976; Johansson and Lund, 1978; Heistad and Marcus, 1979) . Phen ylephrine and epinephrine raised MABP similarly (Fig. 3 ), yet the former consistently opened the blood-brain and blood-CSF barriers less than epi nephrine (Figs. 4 and 5) . Phenylephrine is prototyp ical for aI-receptors, stimulation of which causes vasoconstriction. Likewise, epinephrine exerts its hypertensive effect by enhancing aI-receptor ac tivity, but it also activates �-receptors, which pro motes dilatation of the cerebrovasculature. Intra luminal distension should be less with phenyleph rine than epinephrine. A protective effect on cerebrovasculature associated with vasoconstric tion occurs in hypocapnia with hypertension (Jo hansson, 1976; Forster et ai., 1977) . Enhanced leakage of nonelectrolyte tracers into brain was less with phenylephrine than epinephrine, though the period of elevated MABP was greater for the former. At high doses, propranolol significantly at tenuated tracer penetration into CSF as increased by epinephrine-induced hypertension. However, � blocking effects to reduce the BBB uptake of urea and mannitol were not definitive, as also noted for RIBSA extravasation in amphetamine-treated rats (Sankar et aI., 1981 ). Yet, propranolol was clearly efficacious in opposing the effects of epinephrine (Johansson and Martinsson, 1980) and amphet amine (Johansson and Carlsson, 1977) on albumin permeation into the brain of unanesthetized and anesthetized rats.
Of the four regions analyzed, the medulla consis tently was most resistant to barrier disruption (Figs. 2,4, and 5). Interestingly, of 17 regions investi gated, medullary capillaries are also most refractory to osmotically induced opening (Smith, 1985) . This unique response by medulla microvessels to hydro static and osmotic pressure insults may afford a clue to a common mechanism, e.g., the resistance associated with a particular tight junction structure.
Hypotensive effects on the BBB have not been extensively analyzed. Isoproterenol decreased the MABP by 40 mm Hg (Fig. 3) , which did not alter the Vd of urea and mannitol in various regions. Pro pranolol and phentolamine, selective adrenergic re ceptor blocking agents, decrease the MABP by 10 to 40 mm Hg without significantly altering the leakage of RIBSA into the rat brain (Sankar et al., 1981) . Isoproterenol (1-8 J.l-g/kg) decreases both MABP (by 40-60 mm Hg) and RIBSA penetration (by 30-40%) in pentobarbital-anesthetized Wi star Kyoto rats; however, barbiturates promote vaso constriction (Forster et al., 1977) and may signifi cantly influence the isoproterenol effect on barrier permeability. Nonadrenergic amines (e.g., hista mine and acetylcholine) substantially increase BBB permeability even in the face of severe hypotension (Domer et al., 1983) . However, it is clear that titra tion of MABP downward, by the use of adrenergic agonists and antagonists, does not markedly alter BBB permeability.
THA
Amphetamine is a complex pharmacological agent, since it causes various degrees of cerebral vasodilatation and hypertension (depending upon species sensitivity and drug dose). In our study, am phetamine did not raise MABP or increase BBB permeability to nonelectrolyte tracers. Interest ingly, amphetamine did not increase penetration of [ 99 Tc]pertechnetate (mol wt 163) into rat brain in spite of an MABP elevation of 15-30 mm Hg (Domer et al., 1980) . In other experiments, the am phetamine-induced enhancement of RIBSA per meation into brain was proportional to the degree of MABP augmentation (Domer et al., 1980). Jo hansson and Carlsson (1977) also found an amphet- relative to mannitol, in acute hypertension. aVd (volume of distribution) = hypertension Vd -nor motension Vd. aVd is assumed to be proportional to the alteration in permeation rate of tracers, probably a valid assumption in this short-term (10-min) experiment. An experimental ratio of >2.1 is consistent with the restricted diffusion of tracers. Normotensive ratios, Vd urealVd mannitol, are �7-8 for CSF and brain regions ( Table 5 ). In acute hypertension, there is enhanced penetra tion of tracers via opened tight junctions (para cellular) and/or pinocytosis (transcellular), thereby decreasing the ratio. Since hypertension does not reduce the ratio to unity, it is unlikely that vesicular transport is the predominant mech anism. Augmented CSF uptake in hypertensive animals results in a ratio, aVd urea/aVd mannitol, approaching that of unrestricted diffusion, i.e., 2.1, presumably indicating wide opening of tight junctions in choroid plexus. Means ± SEM for n = 6. Abbreviations are as defined in the legend to fits with findings that protein leakage with pro nounced vasodilatation, as in hypercapnia and sei zures, is prevented by keeping blood pressure low (Johansson and Nilsson, 1977) . Thus, vasodilata tion associated with either normotension (amphet amine) or hypotension (isoproterenol) did not alter BBB (or blood-CSF barrier) permeability to mol ecules like urea (1. 8 A = radius) and mannitol (3.6 A = radius). Modulating effects by the adrenal/renal system are probably not prominent in our experiments. Neither epinephrine, phenylephrine, isoproterenol, nor amphetamine should mobilize adrenal cate cholamines. Both renin and angiotensin can en hance BBB permeability (Fujishima et aI. , 1978; Jo hansson and Martinsson, 1979) ; however, bilateral nephrectomy precludes systemic mobilization of renin and angiotensin in response to sympathomi metic agents. The catecholamine titer in plasma may rise in response to surgery and ketamine; how ever, the stability as well as the magnitude of the MABP (i. e. , �100 mm Hg) prior to intravenous in jection of test agents indicate adequate baseline.
Mechanism of enhanced barrier permeability in acute hypertension
The mechanism of BBB opening in acute hyper tension has been considered to be (a) mechanical (tight junction stretching), (b) physiological (pino cytosis), and (c) traumatic (rupture of endothelial! junctional complexes). Factor (c) seems least likely, owing to reversibility of tight junction opening 10-30 min after the MABP returns to normal (Hardebo, 1980) . Considerable evidence has been marshaled from several laboratories, including our own, to support factor (a). If tight junction opening is the major mechanism by which BBB (and choroid plexus) permeability is enhanced, then barrier re striction to solute diffusion would be lessened with a resultant decrease in tracer permeation ratio (i. e. , Vd urea/Vd mannitol) closer to the value expected from free diffusion (Durea/Dmannitol) of 2. I (Johanson et aI. , 197 4a) . Such was determined for various re gions (Table 5 ; Fig. 6 ), especially in epinephrine induced hypertension. Alternatively, if pinocytosis is the exclusive mechanism for enhanced uptake and provided vesicle concentration is unaltered as the vesicle moves across the cell, then such vesic ular transport would also result in reduced ratios (as in Table 5 ), but additionally one would expect a comparable absolute increase in Vd (i. e. , .1Vd = experimental -control) for nonelectrolytes. This is not the case since.1 Vd values are vastly different; e. g. , in cerebral cortex, .1 Vd (ml!g) was 2.8 and 8.0, respectively, for mannitol and urea after epineph-rine treatment. Figure 6 is a ratio analysis depicting how observed augmented, or net, uptake (i.e., hy pertension Vdcontrol Vd) of nonelectrolytes pos sibly occurs by diffusion rather than by a vesicular process. Moreover, SITS, which inhibits vesicular transport, did not significantly alter urea and man nitol uptake in hypertensive animals. In addition, dibutyryl cyclic AMP (10 mg/kg i. v. ), a stimulator of pinocytosis in the BBB, did not alter the 30-min Vd of [ 3 H]mannitol or [ 1 4C]dextran in any region analyzed in normotensive rats (V A. Murphy and C. E. Johanson, unpublished observation). How ever, it is not possible to rule out a pinocytotic com ponent of tracer movement into brain (and CSF) in acute hypertension, since SITS blocks RIBSA movement into eNS (Johansson, 1980) . Indeed, there is substantial evidence that both mechanisms ( Fig. 7) are concurrently operative in opening the BBB, perhaps differentially to various types of mol ecules (Domer et aI. , 1980) . Enhanced permeation of nonelectrolytes could occur mainly through dis tended junctions, while that of proteinaceous an ionic molecules could occur largely via pinocytosis. The consequences of transitory pressure-induced BBB dysfunction have be en discussed by Jo hansson (1980) . The additional insult to CNS func tion brought about by blood-CSF barrier opening needs further evaluation. Disruption of choroid plexus integrity could compromise CSF sink action, with resultant deleterious effects on neurons.
